A new benthic phototrophic dinoflagellate is described from sediments of a tropical marine cove at Martinique Island and its micromorphology is studied by means of light and electron microscopy. The cell contains small golden-brown chloroplasts and the oval nucleus is posterior. It is laterally compressed, almost circular in shape when viewed laterally. It consists of a small epitheca tilted toward the right lateral side and a larger hypotheca. In the left view, the cingulum is more anterior and the epitheca is reduced. The cingulum is displaced and left-handed. This organism is peculiar in having no apical pore and its thecal plate arrangement is 2′ 1a 7′′ 5c 3s 5′′′ 1′′′′. The plates are smooth with small groups of pores scattered on their surface. An area with 60-80 densely arranged pores is found near the centre of the 2′′′ plate, on the left lateral side. Morphologically, these features are different from all other laterally compressed benthic genera. In addition, molecular genetic sequences of SSU and partial LSU form a distinct and well-supported clade among dinoflagellates and support the erection of a new genus. However, molecular phylogenies inferred from ribosomal genes failed to confirm any clear relationship with other benthic taxa and affinity with other laterally compressed dinoflagellates has not been demonstrated. Hence, the taxonomic affinity of Madanidinium loirii with a defined order and family is unclear at the moment.
Introduction 46
Since they have been discovered and studied by E.C. Herdman (1921, 1922, 1924a, b) ,benthic dinoflagellates stayed poorly studied for several decades (Balech, 1956; 48 Dragesco, 1965) . They gained a new interest for scientists when the epiphytic species 49 producing maitotoxin and ciguatoxin, namely Gambierdiscus toxicus was associated 50 with ciguatera disease in the tropical Pacific (Adachi & Fukuyo, 1979; Taylor, 1979) . 51
Then, several other benthic taxa were found to be harmful and involved in the complex 52 mechanism of ciguatera (Bomber & Aikman, 1989; Litaker et al., 2010) . Because of 53 this potential toxicity, several taxonomic studies were subsequently realized in the 54 tropical regions (Fukuyo, 1981; Besada et al., 1982; Berland et al., 1992; Grzebyk et 55 al., 1994; Chinain et al., 1999) but also in temperate areas worldwide (e.g. Horiguchi & 56 Chihara, 1983; Saunders & Dodge, 1984; Larsen, 1985; Hoppenrath, 2000b; Aligizaki 57 8 2011) . For SSU a dataset of 77 taxa and 1691 aligned positions has been used. For LSU, 165 a matrix of 49 taxa and 860 positions was used. Ambiguous parts of the alignment 166 (including the D2 domain) were excluded from the analysis using gblocks software 167 version 0.91b, with less stringent parameters. Genbank accession numbers of all 168 sequences used are available in the supplementary material. 169
For each data set, evolutionary models were examined using maximum 170 likelihood (ML) and Bayesian Inference analysis (BI). The evolutionary model was 171 selected using jModelTest version 0.1.1 (Posada, 2008) . According to Akaike 172 information criterion (AIC) and Bayesian information criterion (BIC), a general time 173
reversible (GTR) model with a gamma correction (Γ) for among-site rate variation and 174 invariant sites was chosen for the SSU dataset while a Tamura-Nei model with no 175 invariant sites was chosen for the LSU dataset. 176
Maximum likelihood analyses were performed using PhyML version 3.0 177 (Guindon et al., 2010) , and Bayesian analyses were run using Mr Bayes version 3.1.2 178 (Ronquist & Huelsenbeck, 2003) . Bootstrap analysis (1000 pseudoreplicates) was used 179 to assess the relative robustness of branches of the ML tree. Initial Bayesian analyses 180 were run with a GTR model (nst=6) with rates set to invgamma (gamma for LSU 181 dataset). Each analysis was performed using four Markov chains (MCMC), with two 182 millions cycles for each chain. Trees were saved every 100 cycles and the first 2000 183 trees were discarded. Therefore, a majority-rule consensus tree was created from the 184 remaining 18000 trees in order to examine the posterior probabilities of each clade. 185
The consensus trees were edited using MEGA 5 software. The cingulum is anterior and descending (left-handed) (Figs 4, 11, 13) . Seen from the 224 left side (Figs 3, 12) , it is straight, anterior, and the epitheca is very small, emerging of 225 1.7-2.7 µm (n=5) above the cingulum. In contrast, in the right lateral view (Figs 2, 11) , 226 the epitheca is higher (4.1-7.6 µm, n=7), and the cingulum is conspicuously oblique, 227 descending towards the ventral area (Figs 11, 24, 27) . 228
Cells contain small yellow-brown chloroplasts. The oval nucleus is located 229 posteriorly (Figs 5, 7, 24) . Some cells have a large pusule located on the anterior ventral 230 side, near the sulcal area (Figs 3, 24) . 231
The thecal plate pattern is 2′ 1a 7′′ 5c 3s 5′′′ 1′′′′. The epitheca comprises 10 232 plates and does not have an apical pore (Figs 16, 26) . Since the application of the 233 Kofoid nomenclature of thecal plates was not straightforward, we decided that the 234 apical plates were those in contact with the apex (geometrically speaking) of the cell 235 and the unique plate actually not in contact with the apex and the cingulum is 236 considered as an intercalary plate. In apical view, the epitheca is roughly pear-shaped, 237 and tapers ventrally ( 19). The unique intercalary plate 1a is pentagonal and in line with the two apical plates, 247 but it is located more dorsally (Figs 16, 18, 20) . 248
The cingulum completely encircles the cell and is composed of five plates 249 unequal in size . The c 2 plate is large and runs along the left side of the 250 theca, with its distal end facing the suture 2′′′/3′′′on the hypotheca (Fig. 12 ). The c 3 plate 251 is small and located dorsally, and is running along the width of the 3′′′ plate (Fig. 20) . 252
The sulcus is moderately long, and slightly oblique with respect to the longitudinal axis 253 of the cell (Fig. 13) . In SEM, we partially observed the flagellar pore, which is 254 elongated oval in shape and located ventrally (Fig. 19) . It is bordered by three major 255 sulcal plates Sa, Sd, and Sp (Figs 13, 19) . Our observations of the sulcus using 256 epifluorescence microscopy on several specimens confirm that the sulcus is composed 257 of three plates (Figs 9, 10) . The Sa plate is hook-shaped and in contact with the c 1 plate.
12
The Sd plate forms the end of the cingulum and connects the epitheca. The Sp plate is 259 the largest of sulcal plates, and is posteriorly pointed (Figs 9-10) . 260
The hypotheca is formed of 6 major plates. The first postcingular plate 1′′′ is 261 ventral and folds in order to form a flange covering the left side of the sulcus (Figs 11,  262 13). The 2′′′ plate which is the largest of the hypotheca, is trapezoidal and four-sided, 263 covering most of the left lateral side (Fig. 12) . The 3′′′ plate is rectangular and is located 264 on the dorsal side of the hypotheca (Fig. 14) . The 4′′′ plate is large and four sided (Fig.  265 11). The 5′′′ plate is the smallest of postcingular plates and contacts six plates, namely 266 1′′′, 4′′′, 1′′′′, c 5 , Sd and Sp (Fig. 13) . The antapical plate 1′′′′ is pentagonal and elongated 267 (Fig. 15) . 268
Thecal plates are thin, delicate, and smooth. They are covered by small groups 269 of pores, and some isolated pores (0.1-0.2 µm in diameter) (Fig. 21) . On the large 270 lateral plate 2′′′, an area of closely arranged pores (68-86 in number; n = 4) of 0.08-0.1 271 µm in diameter is present nearly in the centre (Figs 12, (22) (23) . This area is variable in 272 shape, being circular to elongated . 273
In culture, cells of M. loirii are almost always attached to the bottom of the 274 container, and swimming cells are observed occasionally. The cells are strongly 275 adherent to the substrate by their lateral sides and they appear almost always in lateral 276 views. However, no particular structures such as stalks have been observed. 277
278

Molecular phylogeny 279
The results of the SSU and LSU phylogenetic analyses show that the sequences 280 acquired from cultures and environmental specimens group together within a well 281 supported clade (Figs 29, 30 ). In the phylogeny inferred from SSU, the position of 282 emerge (Fig. 29) . In the LSU analysis, Madanidinium appears as a sister-clade to 284
Adenoides eludens (Fig. 30) , albeit without support (bootstrap value of 51 in ML and 285 posterior probability of 0.90 in BI). In addition, the clade formed by Madanidinium and 286
Adenoides forms a sister group with Prorocentrum species but without support. 287 288 Discussion 289
Morphologically, Madanidinium has features closely related to other strongly laterally 290 compressed sand-dwelling genera with a reduced epitheca like Plagiodinium, 291
Planodinium, Sabulodinium, Cabra, and Pileidinium (Table 1) belizeanum, the epitheca is atypical, very small and slightly inclined to the ventral side 298 (Faust & Balech, 1993) , which differs from M. loirii. The left-handed displacement of 299 the cingulum in M. loirii is peculiar and reminds that of Thecadinium yashimaense 300 (Bolch & Campbell, 2004; Hoppenrath et al., 2004; Yoshimatsu et al., 2004; 301 Hoppenrath et al., 2005) , but also the planktonic taxa Thecadiniopsis tasmanica and 302
Pseudothecadinium campbellii (Croome et al., 1987; Hoppenrath & Selina, 2006) . This 303 is the reverse situation in the benthic genus Cabra where the epitheca is higher on the 304 left side than on the right lateral side. When seen in the left lateral view, M. loirii 305 outline is very similar to that of Sabulodinium, because the epitheca is almost not visible 306 14 and the cingulum is short and very anterior. However, in Sabulodinium, the cingulum is 307 not displaced, as well as in Planodinium (Saunders & Dodge, 1984; Hoppenrath et al., 308 2007) . And in contrast with Pileidinium, the cingulum is complete in Madanidinium. 309
Hence, owing to its peculiar overall morphology and position of the cingulum, M. loirii 310 can be easily distinguished from most other benthic genera with the light microscope. 311
Concerning the plate pattern, Madanidinium is also very atypical. The number 312 and arrangement of epithecal plates is the major discrepancy with other genera (Table  313 1). The absence of an apical pore on the epitheca is a striking and uncommon feature 314 which has been reported to date only in Planodinium striatum (Saunders & Dodge, 315 1984 ) and a few Thecadinium species, as shown first by Hoppenrath (2000a) and then 316
by Yoshimatsu et al. (2004) . Comparatively, in Plagiodinium belizeanum, the authors 317 reported an unusual, minute plate provisionally named Po, which has been seen only at 318 high magnification with the light microscope (Faust & Balech, 1993) . Unfortunately, it 319 has not been studied in SEM and no detailed information about this pore is available. In 320
Pileidinium ciceropse, a simple circular pore has been found on the epitheca (Tamura & 321 Horiguchi, 2005) and it is considered as homologue of the apical pore present in other 322 taxa. Interestingly, the asymmetric epitheca of Madanidinium with precingular plates 323 larger on the right side and smaller plates on the left side is an unusual character not 324 found in other genera with a displaced cingulum such as Cabra or Thecadiniopsis. 325
The presence of five cingular plates in Madanidinium is a feature found also in 326 in Plagiodinium, Sabulodinium, Thecadiniopsis and Thecadinium. Croome et al. (1987) 327 emphasized that this is a character similar with freshwater peridinioids, while most of 328 gonyaulacoids have six plates. The reduced number and very simple arrangement of the 329 sulcus of Madanidinium is remarkable and to date it is the minimum number of sulcal 330 15 plates observed in a benthic genus. In other taxa, four or more sulcal plates have been 331
described. Nevertheless, although we have used epifluorescence microscopy and plate 332 staining, it cannot be excluded that some very small platelets have been overlooked in 333 our study, since the sulcus is a difficult part to study. In addition, since the 1′′ plate 334 seems to have a short contact with the flagellar pore, it could be alternatively interpreted 335 as a fourth sulcal (Sa) plate. However, as it is not part of the furrow and is actually 336 completely in the epitheca, we considered that it fits better with the definition of a 337 precingular plate. Moreover, the plate that we interpreted as Sa is hook-shaped, as in 338 some gonyaulacoid genera like Alexandrium. 339
The arrangement of plates on the hypotheca of M. loirii is not distinctive and 340 many benthic dinoflagellates like Cabra, Plagiodinium, Sabulodinium, Pileidinium 341 (Table 1) , Thecadinium pro parte and the planktonic genera Thecadiniopsis and 342
Pseudothecadinium have a similar pattern of five postcingular and one antapical plate. 343 However, the presence of an area of densely arranged pores near the centre of the 2ʹʹʹ 344 plate on the left lateral side of the hypotheca is a very uncommon feature among the 345 genera (Table 1 ). An area of grouped pores (or deep areolae) has been reported in Cabra 346 and some other benthic genera such as Rhinodinium, Roscoffia and in some benthic 347 Prorocentrum species. However this area is antapical and located on the 1′′′′ plate in 348
Cabra, Rhinodinium and Roscoffia (Hoppenrath & Elbrächter, 1998; Murray et al., 349 2006; Chomérat et al., 2010a) , which differs from Madanidinium where it is lateral as in 350 Madanidinium is a phototrophic genus that can be maintained in culture, like 362
Plagiodinium and Pileidinium also reported with plastids (Faust & Balech, 1993; 363 Tamura & Horiguchi, 2005) . Interestingly, these two genera are from tropical areas, like 364
Madanidinium. Among Thecadinium species, the type species T. kofoidii has 365 chloroplasts (Hoppenrath, 2000a) and T. yashimaense and T. arenarium are 366 phototrophic (or mixotrophic), as well as Pseudothecadinium (Hoppenrath & Selina, 367 2006) . In contrast, the genera Cabra, Planodinium, Sabulodinium and most 368
Thecadinium species are colourless and strictly heterotrophic (Saunders & Dodge, 1984; 369 Chomérat et al., 2010a) . 370
As a consequence, morphological features of Madanidinium are different 371 enough from all described genera and justify the establishment of a new genus. 372
373
Molecular phylogeny 374
Molecular data support that Madanidinium loirii corresponds to a new dinoflagellate 375 taxon, since its SSU and LSU sequences diverge from all other known genera. 376
However, as previously shown by several authors, the resolution and support of deeper 377 branches in the phylogenies inferred from ribosomal genes is inexistent or very low, and 378 no clear relationship between Madanidinium and other taxa can be found from our 379 analyses. With SSU, the position of this new genus is not stable in the trees, which 380
indicates that this ribosomal gene lacks a good phylogenetic signal which would allow 381 to place it within a higher taxonomic rank (family, order). This problem has already 382 pointed out with several other 'unusual' and monotypic genera of benthic 383 dinoflagellates (Tamura & Horiguchi, 2005; Hoppenrath et al., 2007; Yamada et al., 384 2013) . Moreover, no relationship was found with any of the morphologically related 385 taxa with a lateral compression for which SSU rDNA sequences are available, such as 386
Sabulodinium, Pileidinium and Thecadinium. Although the position of Sabulodinium 387
and Pileidinium is uncertain in the SSU tree due to the lack of support, they are widely 388 divergent from Madanidinium. From LSU, there is an indication that Madanidinium 389 could be related to Adenoides eludens, another benthic and phototrophic genus, but this 390 is almost unsupported. Morphologically, Adenoides is also compressed laterally, but 391 less than M. loirii, and no similarities in the thecal plate arrangement can be found 392 between these two genera. Thus, the phylogenetic relationship result should be treated 393 with caution because this affinity (not supported) has not been observed in the SSU 394 phylogeny although the sequence of this species was included in the tree. Moreover, 395 there are almost no LSU sequences of the morphologically related taxa compressed 396 laterally available in Genbank, which can bias our analyses. The dataset should be 397 improved with the addition of more taxa. As a consequence, the evolution of benthic 398 and laterally compressed dinoflagellates is still unclear. It is not yet possible to infer 399 whether these genera derived from a common benthic ancestor or if they resulted from a 400 convergent evolution of similar traits well adapted to the benthic life. Hence, a 401 considerable work of sequence acquisition remains to be done for benthic 402 dinoflagellates, and it is absolutely necessary in order to get a better understanding of 403 the evolution within this very diverse and complex group of protists. This task is 404 rendered difficult by the rarity of these organisms and the difficulty to keep them in 405 cultures. In case of phototrophic taxa, as with Madanidinium, the use of strains in 406 culture can allow extensive ultrastructural, genetic and biochemical studies, which 407 represents a great opportunity to increase the knowledge and understanding of the 408 biology of benthic dinoflagellates. 
